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Abstract--Demagnetization is one of the noticeable 
problems in almost every permanent magnet linear 
generator (PMLG) for oceanic wave energy conversion. To 
avoid the degradation of  electrical power generation 
capability, a PMLG with a new feature of variable air gap 
length is proposed in this paper. To verify the effectiveness 
of the proposed method, a PMLG has been designed which 
is simulated for both the fixed and variable air gaps. The 
finite element analysis is performed for simulation for 
analysis of the PMLG with the conventional and the 
proposed methods by using the software package 
ANSYS/Ansoft. The voltage, current, power, magnetic flux 
density, and force components of the PMLG are analyzed 
and discussed.  The simulation results show that the new 
method can effectively avoid the demagnetization problem. 
Index Terms—Demagnetization, oceanic wave energy 
conversion, permanent magnet linear generator 
I. INTRODUCTION 
Due to the limited traditional energy resources as well 
as the negative environmental impacts of excessive 
utilization of fossil fuels, the application of renewable 
energy resources (RERs) for electrical power generation 
has been growing rapidly for the last couple of decades 
[1]. The oceanic wave has a high power density compared 
to other existing RERs and it is widely available, 
predictable and environment friendly. Without difficulty, 
the total harvestable electrical energy from the near 
coastline is estimated as 2.5 billion kWh, which is 10% of 
the global power consumption [2]. Among various wave 
energy devices, the direct drive system coupled with the 
permanent magnet linear generator (PMLG) has been 
proven to be very efficient for oceanic wave energy 
conversion (OWEC) systems. 
A conventional PMLG connected to a point absorber 
type power take off system is shown in Fig. 1. Almost all 
of these conventional PMLGs are such designed, so that 
the stator and translator can maintain a constant air gap 
length. A number of PMLGs have been studied such as 
those in [3]–[9] and it is found that all of them have fixed 
air gap between their stators and translators. The air gap 
of any particular PMLG is considered fixed in all the way 
of its stroke length. 
 
Fig. 1. The conventional linear generator with fixed air gap length. 
According to the construction, these PMLGs can be of 
either tubular [10] or flat type [11]. The traditional 
PMLGs usually have complex translator structures and 
suffer from unexpected rise of translator temperature, 
which often causes mechanical damage and irreversible 
demagnetization of permanent magnets [11]. As 
explained in [12], the PMLG with double-sided flat 
rectangular permanent magnets and direct coupling with a 
point absorber has certain benefits over other types of 
structures. A theoretical concept of a new design of the 
translator of a flat PMLG for OWEC is explained in [13]. 
A fuzzy logic based improved controller has been 
designed and simulated in [14] to stabilize the output 
voltages of a flat type PMLG for the OWEC systems. A 
shape optimization of the linear generators has been 
introduced in [15], where the result of using the proposed 
optimized stator shape of a flat type PMLG is to generate 
more electrical power using less amounts of steel cores. 
Various types of PMLGs have been studied in [16] and 
[17] and it is found that demagnetization occurs in almost 
every PMLG. To avoid demagnetization, a novel 
electromagnetic linear generator [16] and a 
superconducting magnetic flat linear generator [17] have 
been proposed. However, further studies show that the 
electromagnetic linear generator suffers from the fact of 
high copper loss while the superconducting one is 
expensive to build. 
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Fixed air gaps between 







In this paper, a new approach is proposed to solve the 
demagnetization problem by adopting variable air gap 
length between the stator and translator. A preliminary 
study [18] has shown that when the air gap length varies 
as a function of the translator velocity, the 
demagnetization can be avoided and the degradation of 
PMLGs due to demagnetization can be effectively 
eliminated so that PMLGs can generate electricity at their 
full capacity most of the time. 
II. MATHEMATICAL MODEL OF THE PROPOSED METHOD 
Fig. 2 depicts the proposed method for two different 
translator positions with respect to the stator considering 
the linear wave. When the float touches the wave peak or 
wave trough, the translator connected to a buoy reaches 
its end position with a lower velocity as shown in Fig. 
2(a). The vertical speed of the translator is almost zero at 
both ends and maximum at its center position as shown in 
Fig. 2(b). The relationship among the float, vertical 
position of the wave surface, and velocity can be 
visualized from Fig. 3. Therefore, the air gap length 






Fig. 2. Variation of air gap length for different translator velocities. (a) 
Small air gap is required for lower translator velocity. (b) Large air gap 
is required for higher translator velocity. 
 The translator vertical position, ztr(t), and velocity, 
vtr(t), of the translator are interrelated. The air gap length, 




























































where dmin and dvar represent the minimum and variable 
air gap lengths, respectively. Htr, vtr(t), and T represent the 
height, velocity and period of the translator motion, 
respectively. The initial arbitrary phase angles are 





, the flux 
variation, Φst can be represented as: 
 


















































III. MINIMIZATION OF DEMAGNETIZATION 
Fig. 3 shows the nature of vertical position and 
velocity of a translator with respect to time in all PMLGs. 
The generated voltage, electrical power and hence the 
armature current is directly proportional to the translator 
velocity considering the same load where the nature of 
current and power of the PMLG are shown in Fig. 3. The 
direction of magnetic flux of the PMLG is given in Fig. 4.  
 Basically, all permanent magnets are hard magnetic 
materials which are usually characterized by a wide 
hysteresis loop of B-H with four quadrants. In fact, while 
these permanent magnets are performing their operation 
in PMLGs to produce electricity, the B-H curves are 
operated in the second quadrant of the B-H loop as 
illustrated in Fig. 5. Therefore, the basis for the 
calculation of a permanent magnet is the portion of its 
hysteresis loop located in the second quadrant, known as 
the demagnetization curve. Let us consider a new 
permanent magnet that was not used in any operation, 
where Br is the magnetic remanence or remanent 
magnetism and Hc is the coercive force. Before starting 
generator operation the magnetic flux density, B is located 
at point a. When electricity is generated in the armature 
coil for the first time, due to the induced armature current 
a reverse magnetic field is created according to the Lenz’s 
law. The induced emf/phase Ep can be determined by 
 
gwlp kNfE    2 1  (6) 
 
where Фg is the air gap flux which can be expressed as  
 
lafg    (7) 
where Фf, Фa, and Фl are the excitation flux, armature 
reaction flux and leakage flux, respectively, which are 
shown in Fig. 4. The winding factor is denoted by kwl. At 
no load condition, Фg ≈ Фf as Фl is very small. 
 
 
Fig. 3. The winding current and power generation of a PMLG with 
respect to the translator position and velocity. 
      












































Fig. 5.  Demagnetization curve of a permanent magnet (PM). 
    Therefore, when the generator supplies electrical power 
to the load, due to armature reaction, Фa mainly opposes 
the excitation flux. This reverse magnetic field is applied 
to the previously magnetized permanent magnet, and 
therefore, the magnetic flux density drops down from 
point a to the magnitude determined by the point d 
followed by the abcd line. When the PMLG is not 
running, that is, when it does not produce electricity at 
that moment when the reverse magnetic field does not 
exist, the flux density returns to the point f instead of 
point a followed by the def line according to a minor 
hysteresis loop. Thus, the application of a reverse field 
has reduced the remanence. Reapplying an opposite 
magnetic field intensity will again reduce the flux density, 
completing the minor hysteresis loop defgd by returning 
the core to approximately the same value of flux density 
at the point d as before. The minor hysteresis loop may 
usually be replaced by a straight line df for simplification 
called the recoil line. This line has a slope called the 
recoil permeability μrec. As long as the negative value of 
applied magnetic field intensity does not exceed the 
maximum value corresponding to the point d, the 
permanent magnet may be regarded as reasonably 
permanent. Due to the design strategy, the proposed 
method restricts applying further negative field by 
maintaining larger air gap length for higher translator 
velocity. However, a further greater negative field 
intensity H is applied without intension in the 
conventional PMLG because of not having such an 
arrangement due to the higher translator velocity which 
depends on the natural motion of the sea wave. In this 
case, the magnetic flux density will be reduced to a value, 
say, point h lower than that at point d. As the magnitude 
of reverse magnetic field depends on the velocity of the 
PMLG for a particular load, which varies with wave 
motion, therefore, B will be reduced to a new value. On 
the removal of H, a new and lower recoil line hj will be 
established and again a secondary hysteresis loop hijkh 
will be formed and will never return to the previous minor 
hysteresis loop defgd because there is no way in the 
PMLG to give sufficiently high magnetic field intensity in 
the positive H direction so that it can re-gain remanent 
magnetism Br. 
IV. DESIGN OF THE PMLG FOR ANALYSIS 
The cross sectional view from the front elevation of the 
PMLG is sketched in Fig. 6(a). It is formed by two major 
parts, namely, the stator and the translator. The permanent 
magnets are placed between the translator cores and the 
armature is situated in the stator cores. Plain copper wires 
have been considered for windings. Two sets of stator 
with windings are placed on both the left and the right 
sides of the translator. Each of the stator contains a 
winding having two coils that are 180° electrical phase 
shifted from each other. Therefore, the total number of 
coils is four and these are connected in series as shown in 
Fig. 6(b), which represents the equivalent circuit diagram 
of the PMLG. In Fig. 6(b), the equivalent series resistance 
and inductance of these four coils are represented as 
Rwindings and Lwindings, respectively. The generated voltages 
from these four coils are marked in a dashed rectangle 
and represented by Eg as their combination. 
The construction supports the translator moving 
vertical direction with respect to stator. The orientation of 
the permanent magnet array is such that the North and 
South poles of two consecutive permanent magnets are 
opposite to each other as labeled in Fig. 6 (a). 















Prevention of demagnetization 
using the proposed method 
Demagnetization occurs in 
the conventional method 
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Fig. 6.  (a) Construction of the PMLG and (b) its equivalent circuit 
diagram. 
V. SIMULATION RESULTS 
The stator winding current waveforms are simulated for 
the conventional fixed air gap PMLG and the proposed 
adjustable air gap PMLG, respectively, considering the 
same design and parameters. The proposed method can 
limit the armature current to a specified maximum value 
inherently to prevent demagnetization as shown in Fig. 7. 
The terminal voltage, load current, and magnetic flux 
linkage are shown in Fig. 8. The effectiveness of the 
proposed method has been simulated, and is shown in Fig. 
9 for three different limiting currents, namely, I1 (8 A), I2 
(10 A), and I3 (12 A). Fig. 10 depicts the electrical power 
generation from the same PMLG with and without using 
the proposed method for comparison maintaining the 
same maximum current rating. 
 
Fig. 7. The armature current for a specific load. 
 








Fig. 10. Electrical power output with and without using the proposed 
method. 
Figs. 11–14 show the PMLG’s magnetic properties 
using this proposed method. Fig. 11 shows the magnetic 
flux density of the PMLG when the translator has the 
highest velocity with respect to the stator when aligning 
with the translator core during the simulation period. The 
air gap between the stator and the translator is maintained 
to the heiger value so that the coil current is kept within a 
spacified value. Fig. 12 shows the magnetic flux density 
of the PMLG when the translator has the lowest velocity 
with respect to the stator aligning with the last segment of 
the translator core. The air gap is then maintained to a 
lower value so that the coil current is boosted up, 
maintaining the current limit. 
 
  
Fig. 11. Magnetic flux density of the PMLG for maximum air gap.  
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Fig. 12. Magnetic flux density of the PMLG for minimum air gap. 
    Different parameters of the PMLG are tabulated in 
Table I. Figs. 13 and 14 represent the magnetic field 
intensity, H of the PMLG for the maximum and minimum 
air gap lengths when the velocities of the translator 
reaches its highest and lowest value, respectively at the 
time of the vertical alignments between the stator and the 
translator cores. 
TABLE I 
DIMENSIONS OF THE PMLG 
Name of the items Value 
Air gap length between the stator and translator (mm) 3~6 
Thickness of the stator pole (cm) 1.6 
Width of the stator pole shoe (cm) 4 
Thickness of the permanent magnet (cm) 2.4 
Vertical distance of the stator poles (cm) 4 
Thickness of the translator core (cm) 1.6 
Vertical distance of the translator for one cycle (cm) 8 
Height of the stator pole shoe (cm) 1.6 
Length of the cross section of the copper coil (cm) 3.5 
Width of the cross section of the copper coil (mm) 8.5 
Total width of the stator poles (cm) 5.6 
Stroke length of the translator (m) 1.6 
Time period of the oceanic wave (s) 4 
Velocity of the translator (m/s) 0~1.25 
 
    
Fig. 13. Magnetic field intensity of the PMLG for the maximum air gap. 
     
Fig. 14. Magnetic field intensity of the PMLG  for the minimum air gap. 
VI. CONCLUSION 
From the simulation results and analyses, it is found 
that the proposed method has effectively solved the 
demagnetization problem. The additional advantage of 
this method is that the average electrical power generation 
of the PMLG with variable air gap is increased, compared 
to that of the fixed air gap length for the same PMLG. 
With the same current limit and operating point in the 
demagnetization curve, the electrical power generation of 
the PMLG is 161.23 W for the variable air gap. On the 
other hand, the generated electrical power is 199.566 W  
of the same PMLG for the proposed variable air gap 
method. Therefore, 23.77% more electrical power 
generation is achieved in the same PMLG by prevention 
of demagnetization. The proposed method is also 
applicable to oher PMLGs. 
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